The aim of this study was to assess the hypoglycemic effect of Cyclocarya paliurus extract (CPE) on diabetes mellitus (DM) mice.
Background
Cyclocarya paliurus (CP) is a plant belonging to the genus Chrysanthemum of the walnut family. It exists only in China and is mainly distributed in Jiangxi, Zhejiang, Hubei, Anhui, Hunan, Fujian, Sichuan, and Guizhou provinces. It is one of the national key protected endangered plants in China [1] [2] [3] . It was found that CP contains a variety of biological active ingredients, such as polysaccharides, flavonoids, saponins, and triterpenes [3] [4] [5] , and thus has the pharmacological effects of hypoglycemia [6] , lowering blood pressure [7] , and hypolipidemia [8] [9] [10] [11] . In addition, previous studies showed that C. paliurus aqueous extract inhibited a-glucosidase activity and decreased blood glucose level in diabetic mice [12] . Moreover, antihyperglycemic effect of the ethanol and aqueous extracts of C. paliurus has also been assessed in high fat diet-and streptozotocin-induced diabetic rats [11] . However, the underlying mechanisms by which CP exerts its effect on type 2 diabetes remains poorly understood.
Through establishing a mouse model of type 2 diabetes (diabetes mellitus, DM), the present study investigated the effect of CP on body weight, blood glucose, glucose tolerance, and insulin sensitivity in type 2 DM mice. Moreover, we used islet beta cells to explore the effect of CP on b cell proliferation, apoptosis, and insulin secretion, aiming to provide a theoretical basis of the action of CP in reducing blood glucose.
Material and Methods
Main reagents and materials C57BL/6J mice (males and females, 5 weeks old, 16-18 g) were purchased from Guangzhou Cypress Biotech Co. The mouse islet b cell line NIT-1 was purchased from Wuhan Procell. DMEM medium, FBS, penicillin-streptomycin, and trypsin were purchased from Gibco (USA). Streptozocin (STZ)-citrate buffer was purchased from Sigma. Lipid peroxidation product malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were purchased from Nanjing Jiancheng Bioengineering Institute. The 7180 automatic biochemical analyzer was purchased from Hitachi (Japan). Gallios flow cytometry equipment was purchased from Beckman Coulter (USA). Annexin V-FITC/PI apoptosis detection kits were purchased from Beyotime (Jiangsu, China). Mice were used for all experiments, and all procedures were approved by the Animal Ethics Committee of our hospital.
Extraction of CPE
CPE was purchased from Jiujiang Huahan Biotechnology Co. The dry leaves (10 kg) were extracted using 75% ethanol (EtOH).
After the solvent was evaporated under reduced pressure, the residue was suspended in water (10 L) and partitioned with petroleum ether, chloroform, and ethyl acetate (EtOAc), successively. The aqueous layer was evaporated under reduced pressure, followed by column chromatography on macroporous adsorption resin (HP-20), and continuously eluted with H 2 O (20 L) and 30% EtOH (20 L). The ethanolic part represented CPE (147 g). The concentration of chlorogenic acid, cryptochlorogenic acid, and quercetin-3-O-b-D-glucuronide in CPE were determined to be 1.83%, 1.02%, and 29.12%, respectively, using high-performance liquid chromatography (HPLC) analysis.
Type 2 DM mouse model establishment
The mice in the model group were fed with HFSD for 2 months. After eating for 12 h, they were given an intraperitoneal injection of 1% STZ-citrate buffer at a dose of 40 mg/kg. After that, the HFSD was continued for 2 weeks to establish the model. After fasting for 12 h, blood was collected from the tail to determine fasting blood glucose (FBG). FBG >11.1 mmol/L was considered as successful modeling. The mice in the control group were treated by conventional dietary feeding and intraperitoneal injection of citrate buffer (without STZ) at 2 months after feeding, and then fed a regular diet for 2 weeks. FBG, total cholesterol (TC), and triglyceride (TG) were tested using a 7180 automatic biochemical analyzer to determine the mouse blood glucose and lipid metabolism. The body weights of the 2 groups were measured and compared.
DM model grouping and CPE treatment
G power analysis showed 30 mice were required in this study to reach statistical significance based on alpha (0.05) and power (0.80). The 30 DM model mice were randomly and equally divided into 3 groups: a DM group given a corresponding volume of normal saline (0.5 mL/Kg) gavage once a day for 4 weeks; a DM+CPE (0.5 g/Kg) group intragastrically administered with 0.5 g/Kg CPE once a day for 4 weeks; and a DM+CPE (1.0 g/Kg) group intragastrically administered 1.0 g/Kg CPE once a day for 4 weeks. At the end of 1, 2, and 4 weeks after the administration, the blood was collected from the tail vein to measure FBG. The body weights of the mice were measured and recorded.
Oral glucose tolerance test (OGTT)
DM mice were fasted for 12 h after the last administration, and the FBG was measured as the basal blood glucose value for 0 min. Then, the mice received gavage with 2 g/Kg of glucose solution, and FBG was measured after 30 min, 60 min, and 120 min. The area under the curve (AUC) was calculated.
Insulin level, insulin sensitivity index, and resistance index measurements
Tail venous blood was collected from the mice after administration, and the serum was separated. The fasting insulin level (FINS, μIU/mL) was measured using the kit and the insulin sensitivity index (ISI) was calculated. ISI=Ln[(FBG×FINS) -1 ], insulin resistance index (IRI)=(FBG×FINS)/22.5.
Serum oxidative stress and antioxidant markers detection
Tail venous blood was collected from the mice after administration, and the serum was separated. MDA content was tested by UV spectrophotometry to assess the level of oxidative stress. SOD and GSH-Px activities were tested to assess the level of anti-oxidative stress.
NIT-1 cell culture and grouping
NIT-1 cells were cultured in DMEM medium containing 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO 2 . The cells were subcultured at a ratio of 1: 4.
NIT-1 cells were divided into 4 groups: a control group treated with the same volume of citrate buffer (without STZ), a STZ group treated with 20 μM of STZ, a STZ + CPE (80 μg/mL) group treated with 80 μg/mL of CPE on the basis of STZ treatment, and a STZ+CPE (160 μg/mL) group treated with 160 μg/mL of CPE on the basis of STZ treatment. After 48 h, the cells were tested by flow cytometry to determine ROS content and apoptosis.
Cell apoptosis
The cells were digested by trypsin and washed by PBS. After being resuspended in 100 μL binding buffer, and we added 10 μL Annexin V-FITC and 5 μL PI in the dark at room temperature for 15 min. Next, we added 400 μL binding buffer and performed Gallios flow cytometry.
ROS content detection
The cells of each treatment group were collected by trypsin digestion and incubated with 1 μM DCFH-DA dye at 37°C for 20 min in the dark. After being washed with PBS and resuspended in 400 μL PBS, flow cytometry was performed to determine ROS content.
EdU staining detection of cell proliferation
NIT-1 cells were resuspended in DMEM containing 10% FBS and incubated at 10 μM EdU for 120 min. Next, the cells were continuously cultured for 48 h as described above. Then, the cells were trypsinized and centrifuged in PBS containing 1% BSA.
After fixing for 15 min, the cells were washed by PBS containing 1% BSA. The cells were further incubated for 15 min at room temperature and then we added 500 μL EdU reaction solution at room temperature in the dark for 30 min. Finally, the cells were resuspended in 500 μL washing reagent and flow cytometry was used to detect EdU content.
Caspase-3 activity detection
According to the instructions of the kit, different concentrations of pNA standards were prepared and absorbance was measured at 405 nm. The standard curve was drawn according to the concentration and absorbance values. NIT-1 cells were treated with lysate at 4°C for 10 min. After centrifuging at 10 000 g and at 4°C for 10 min, the supernatant was used to test the enzyme activity of Caspase 3. The relative enzyme activity unit was calculated based on experimental group A405/control group A405×100%.
Statistical analysis
All data analyses were performed on SPSS18.0 software. The measurement data are presented as mean ± standard deviation and compared by t test or Mann-Whitney U test. Multiple comparisons were performed using Bonferroni method after ANOVA. P<0.05 was considered as statistical significance.
Results
Blood glucose and lipid increased, while body weight was reduced in the DM mouse model A total of 15 of the 20 mice were successfully modeled (success rate 75%). It was shown that the FBG level in the DM model group was significantly higher than that in the control group. The blood lipid test results revealed that compared with control, the TC and TG contents in the DM model group were markedly increased. It was found that the body weight in the DM model group was obviously lower than that in the control group (Table 1) . 
CPE treatment reduced blood glucose and increased body weight
The DM mice were divided into 3 groups: a DM group, a lowdose CPE group, and a high-dose CPE group. FBG in mice with DM continued to be at a high level. Administration of CPE by gavage significantly reduced FBG in a dose-dependent manner.
The weight gain of mice in the DM model group was relatively slow, whereas CPE gavage obviously increased body weight in a dose-dependent manner (Table 2) .
CPE treatment enhanced glucose tolerance and alleviated insulin resistance
OGTT testing showed that the blood glucose level of DM mice increased significantly after 0.5 h of glucose administration, and reached a peak after 60 min. After 120 min, blood glucose remained at a relatively high level ( Table 3 ). The basal blood glucose level in the low-dose CPE group was obviously lower than that in the DM group, and the blood glucose level after glucose administration was elevated, but the increase was markedly less than that in the DM group, and the effect was dose-dependent (Table 3) . After 60 min of glucose administration, the blood glucose level of the high-dose CPE group was clearly lower than that of the low-dose CPE group, which was significantly lower than that of the DM group. After 120 min of glucose administration, the blood glucose levels of the high-and low-dose CPE groups were reduced to the basal level, whereas the blood glucose levels in the DM group were still high (Table 3) .
After 4 weeks of administration, the FINS content of the lowdose CPE group was significantly lower than that of the DM group, and the effect was dose-dependent. It was demonstrated that the ISI of the DM group was obviously lower than 
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that of the CPE group, and the effect was dose-dependent. We found that the IRI in the DM group was higher than in the CPE group, the effect was dose-dependent (Table 4) .
CPE decreased serum MDA content and enhanced SOD activity in DM mouse
Compared with the DM group, the MDA content in the CPE group was significantly reduced in a dose-dependent manner. Compared with the DM group, the SOD activity in the CPE group was obviously higher, and the effect was dose-dependent. Compared with the DM group, the GSH-Px activity in the CPE group was markedly increased in a dose-dependent manner (Table 5) .
CPE inhibited ROS production and apoptosis in NIT-1 cells
Flow cytometry demonstrated that compared with the control group, the ROS content in the NIT-1 cells of STZ group was significantly increased, and it was obviously reduced by the CPE treatment in a dose-dependent manner ( Figure 1A, 1C) . Flow cytometry showed that compared with the control group, NIT-1 cells apoptosis was markedly enhanced in the STZ group. CPE treatment clearly attenuated the apoptosis rate of NIT-1 cells in a dose-dependent manner ( Figure 1B, 1D) .
CPE alleviated the proliferation inhibitory effect of STZ on NIT-1 cells
EdU staining revealed that compared with the control group, the EdU-positive rate of NIT-1 cells in the STZ-treated group was significantly reduced. CPE treatment clearly attenuated the inhibitory effect of STZ on proliferation of NIT-1 cells and the effect was dose-dependent (Figure 2A, 2B ).
Discussion
Due to population aging and dietary changes, the incidence of DM is increasing. T2DM accounts for more than 90% of DM, and it is currently the most common metabolic syndrome in the world [13, 14] . DM treatment commonly includes oral hypoglycemic drugs, insulin injections, dietary control, and increasing physical activity [15] [16] [17] . However, adverse effects such as drug resistance, insulin resistance, leukopenia, hemolytic anemia, hypoglycemia, and even coma are major difficulties.
CP is sweet and moist, and is a cooling thirst quencher. It is mainly used as a sweet tea for the prevention and treatment of diabetes, hypertension, coronary heart disease, and other diseases. However, the exact mechanism by which CP exerts its effect on diabetes remains poorly understood. In the present study, through establishing a T2DM mouse model, we investigated the effect of CPE on DM mice, trying to provide a theoretical basis for DM treatment and prevention.
STZ, a glucosamine-nitrosourea, is a DNA alkylating agent that can enter cells through the GLUT2 glucose transport protein and selectively destroy islets in various species of animals [18, 19] . In this study, a T2DM mouse model was constructed by administering HFSD and STZ to destroy pancreatic islet b cells [20, 21] . Our results showed that compared with the control group, 
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the levels of FBG, TC, and TG were significantly increased and the body weight was obviously reduced in the model group, indicating that the model was established successfully. Blood glucose monitoring revealed that the blood glucose level of the mice remained at a high level in the DM group treated by solvent gavage. However, CPE intervention clearly reduced FBG and increased body weight in a dose-dependent manner, consistent with a previous study showing that treatment with CPAE (one of the main active components of CP) reduced food intake, body weight, organ weight, fat mass, and body mass index (BMI), as well as decreasing the levels of fasting serum glucose, fasting serum insulin, and serum-free fatty acids in SHR/cp rats [22] . Four weeks after the administration, the blood glucose of the high-dose CPE group significantly decreased. OGTT testing demonstrated that CPE gavage treatment significantly increased glucose tolerance, leading to a significantly lower blood glucose ascensional range after oral glucose administration in mice. The insulin level and sensitivity analysis exhibited that CPE has the effect of elevating insulin levels, increasing insulin sensitivity, and attenuating insulin resistance in DM mice. Yoshitomi et al. [23] showed that CPE treatment can upregulate the expression of glucose transporter 4 (Glut4) in the muscle cell membrane, increase glucose uptake by muscle cells, and promote glycogen synthesis. In DM mice, CPE treatment obviously reduced the blood glucose level and enhance the glucose tolerance of mice. Wang et al. [11] reported that CPE treatment apparently decreased blood glucose levels and enhanced glucose tolerance in T2DM rats. Liu et al. [6] found that CPE can significantly reduce blood glucose levels in T2DM mice. Jiang et al. [24] induced mouse insulin resistance by stimulating macrophage culture medium, and observed that CPE markedly attenuated insulin resistance, increased glycogen synthesis in liver and muscle 
2981
tissue, reduced blood glucose levels, elevated carbohydrate tolerance, and alleviated renal damage in DM rats. Xiao et al. [25] observed that CPE treatment significantly reduced the apoptosis of pancreatic tissue, decreased blood glucose levels, and enhanced glucose tolerance in DM mice induced by STZ. Jiang et al. [24] revealed that in a model of mouse insulin resistance stimulated by activated macrophage medium, CPE treatment inhibited the serine phosphorylation of insulin receptor substrate 1 (IRS-1), enhanced the tyrosine phosphorylation level of IRS-1, activated the downstream phosphatidylinositol-3 kinase (PI3K)/protein kinase B (AKT/PKB) pathway activity, increased sensitivity to insulin signaling, and reduced insulin resistance. Consistent with the findings mentioned above, our study showed that CPE has an obvious hypoglycemic effect.
MDA is a lipid peroxidation product that can reflect the degree of lipid peroxidation [26] . SOD is the most important antioxidant enzyme in scavenging free radicals in organisms and is widely found in various organisms. It can scavenge oxygen free radicals and protect cells from oxidative damage [27, 28] . Glutathione (GSH) is a tripeptide consisting of cysteine, glycine, and glutamic acid, with the main role of removing excess hydrogen peroxide and oxygen free radicals from the body. GSH-Px can catalyze the decomposition of hydrogen peroxide into water and oxidized GSH, thereby reducing the accumulation of hydrogen peroxide in the body, decreasing oxidative stress levels, inhibiting oxidative stress damage, and maintaining the structural and functional integrity of proteins and cells [29] [30] [31] . In the present study, we showed that CPE gavage treatment can significantly reduce the serum MDA content, decrease the level of oxidative stress, and enhance the activity of antioxidant enzymes SOD and GSH-Px in DM mice, consistent with previous studies showing that CPE treatment obviously reduced the serum MDA content and increased SOD and GSH-Px enzyme activities in T2DM rats [11] . In addition, our results also agree with a previous study revealing that CPE apparently reduced MDA content and enhanced SOD and GSH-Px enzyme activities in mice fed a high-glucose diet [10] .
At present, there are few studies on the effects of CPE on pancreatic beta cells cultured in vitro. In the present study, we found that STZ significantly increased the production of ROS, induced apoptosis, and inhibited cell proliferation in NIT-1 cells. CPE obviously reduced the production of ROS and cell apoptosis, promoted cell proliferation, and alleviated the damage of STZ to NIT-1 cells. These results show that CPE reduces apoptosis and STZ damage to NIT-1 cells through anti-oxidation. However, the effect of CPE on pancreatic beta cells in mice is still unclear, and further studies are needed.
Conclusions
CPE has the effects of decreased blood glucose and insulin resistance and enhancing glucose tolerance in DM mice, which may be through anti-oxidation, anti-apoptosis, and amelioration of STZ-induced pancreatic beta cell injury.
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